Land vertebrates have returned to the ocean several times, radically transforming their outward anatomy in the process. A new study of Mesozoic marine reptiles shows how minute balance organs in the inner ear transformed at the same time.
In 1921, a young German scientist named Tilly Edinger published a detailed description of the endocranial casta fossilized impression of the brain cavity -belonging to the Triassic marine reptile Nothosaurus [1] . It was the first salvo in what would become a lifetime of work pioneering the study of fossil brains. Edinger was able to discern astonishing neuroanatomical details in fossils through careful examination, and used these discoveries to reveal how brains transformed as organisms adapted to new lifestyles and changing sensory landscapes. Edinger focused much of her early work on Mesozoic marine reptiles, whose remains were abundant in her native Germany. She was eventually forced to flee the Nazi regime in 1938, and found refuge in the United States where she continued her illustrious career at the Harvard Museum of Comparative Zoology until her death in 1967. Today, Edinger is credited as the foundress of modern 'paleoneurology' [2] . Given her early interest in marine reptiles, and her lifetime efforts to illuminate the evolutionary history of the nervous system, Edinger would be fascinated by the work of James Neenan and co-authors [3] , published in this issue of Current Biology.
Edinger, who largely had to rely on natural or artificial endocasts or destructive skull sectioning for her studies, would also no doubt be astonished by the power of new tools such as computed tomography (CT) scanning, employed by Neenan and colleagues [3] , which can provide high resolution images of the internal structure of skulls without any damage to specimens. Using this technique, the authors reveal how the inner ear transformed during the evolution of sauropterygians (Figure 1 ), the exclusively Mesozoic marine reptile group that includes the familiar longnecked plesiosaurs, inspiration for infamous 'Loch Ness Monster' hoaxes. In addition to the highly marine plesiosaurs, Neenan and colleagues [3] also examined their earlier Triassic antecedents to explore how increasing adaptation to aquatic life shaped the evolution of the sensory system in these animals.
Among the dozens of tetrapod lineages that have returned to the ocean [4] , sauropterygians rank among the most successful. Although the earliest origins of the group remain somewhat poorly known, they appear to have invaded marine ecosystems in the Early Triassic, perhaps taking advantage of marine predator niches left empty in the wake of the Permo-Triassic extinction event 252 million years ago [5] . Soon thereafter, sauropterygians dispersed widely across shallow marine habitats with early fossil representatives found in North America, Asia and Europe, and living alongside marine reptile groups such as Ichthyosaurs.
Sauropterygians remained important players in marine ecosystems for virtually the entire Mesozoic (180 million years), until their demise at the end of the Cretaceous in the same mass-extinction that wiped out non-avian dinosaurs. During that time they gave rise to scores of species and explored a wide range ecological niches from small to mediumsized nearshore benthic invertebrate specialists to gigantic pelagic predators larger than a killer whale [6, 7] . Even the early groups were already highly adapted to aquatic life, as evidenced by some of the first fossil forms already showing signs of live-bearing that is characteristic for many marine reptiles [8] . Yet, broadly speaking, a distinction can be drawn between the largely nearshore forms of the Triassic which retain limbs that resemble those of their terrestrial ancestors, and the Jurassic and later forms that have highly modified hydrodynamic limbs used to 'fly' under water [9] .
Taking advantage of emerging micro-CT technology, essentially collecting high-resolution x-ray images from fossils that can then be transformed into threedimensional digital models, Neenan and colleagues [3] examined skulls from 19 species that span the wide range of morphologies and lifestyles that characterize the group from long-necked plesiosaurs to rotund, turtle-like placodonts. In particular, they focus on Triassic forms in order to examine how inner ear morphology transformed as this group of formerly terrestrial reptiles became increasingly adapted to aquatic life. Previous work by Neenan and Scheyer [10] had shown that CT scans of the skull of the unarmored, placodont sauropterygian Placodus revealed informative details of brain and sensory anatomy, including the three semicircular canals within the bony labyrinth of the inner ear. These three canals are an important component of the vestibular system providing information to the brain about the organism's movement and orientation. As a consequence, the size and orientation of these canals has been used to infer habitual head posture and locomotory mode in diverse fossil organisms [11] , including early fossil whales [12] , one of several mammals that have convergently readapted to marine life, just as numerous reptile groups have since the Mesozoic.
In their analysis, Neenan and colleagues [3] identified pronounced changes in both shape and relative size of the inner ear bony labyrinth across the 19 species in their dataset associated with increasing aquatic adaptation during the Triassic and into the Jurassic and beyond. Earlier, semi-aquatic sauropterygians retain relatively large labyrinths with elongate, narrow semicircular canals. This morphology resembles that of other semi-aquatic reptiles such as crocodiles and the Galapagos marine iguana. Labyrinth size remained relatively constant during the A diorama in the Stuttgart State Museum of Natural History including the benthic shellfish eater Placodus and the more seal like, fish-eating Nothosaurus. CT scans of these early forms reveal an anatomy resembling that of living semi-aquatic reptiles such as crocodiles.
evolution of increasingly pelagic plesiosaurs and pliosaurs, despite increasing body sizes resulting in proportionally smaller vestibular systems. This reduction in relative labyrinth size is most noticeable in the hyper-predatory giant-skulled 'pliosaur' morphotype which evolved multiple times among different smaller-skulled plesiosaur lineages [13] .
Even more remarkable is a major change in the shape of semicircular canals associated with increasing marine adaptation. The long, gracile canals of the nearshore Triassic forms are replaced in fully marine Jurassic and later forms with shorter, wider canals giving the labyrinth a far more bulbous appearance in the pelagic plesiosaurs (Figure 2 ). These bulbous plesiosaur labyrinths closely resemble those of sea turtles, which share both the marine habitat and flipperpropelled locomotion of plesiosaurs, despite being only distantly related. A parallel reduction in relative canal size is also observed during cetacean evolution [12] , and is hypothesized to reflect reduced sensitivity, an adaptation to the rapid turning and unrestricted three-dimensional movements characteristic of these open-ocean predators.
The striking similarities observed in body and limb shape among distantly related land-adapted vertebrates that have independently returned to the sea have long served as textbook examples of evolutionary convergence. Recent studies highlight evidence for deeper levels of evolutionary convergence from protein structure to sex-determination [14, 15] . Sensory systems provide promising avenues to search for such convergence given the profound influence of the aquatic medium on sensory stimuli. The new findings of Neenan and colleagues [3] are consistent with links between inner ear labyrinth shape, locomotory mode and lifestyle that had been hypothesized before. They also provide evidence that the observed patterns might apply to other secondarily aquatic groups. This suggests that future investigation of inner ear morphology in other living and extinct marine vertebrates, such as marine reptiles, birds and mammals, holds the potential to reveal important evidence about the tempo and mode of this repeated macroevolutionary motif.
